ABSTRACT
INTRODUCTION

!
O v e r t h e p a s t f e w y e a r s , i n t e r e s t i n u s i n g psychophysiological techniques to investigate quality of experience (QoE) during media exposure has grown considerably. One of its potential advantages compared to other techniques such as self-report, apart from being an objective measure, is the fact that it has a high temporal resolution (e.g in the millisecond range). However, although psychophysiology has previously been used in game experience research [1] , a number of questions remain regarding the use of some measures such as cardiac activity and heart rate (HR).
Ekman and colleagues [2] , for example, point to difficulties in interpreting HR due to the central role of blood circulation in the human body. The heart is regulated by many processes and systems and therefore it is often difficult to link HR signals to a single psychological process. In fact, HR signals have been used as an index of a broad spectrum of psychological processes such as attention, cognitive effort, stress, arousal, valence, and orientation reflex in the field of media psychology [3] . In digital games research, changes in heart rates are frequently observed when recorded, but the source of the HR signal's variations remains largely unknown.
Hence, self-report measures of gaming QoE are frequently used to support the interpretation of HR signals. In fact, it is commonly accepted that by combining these two indexes, QoE can be assessed more accurately [2] . However, selfreport measures have limitations which are often neglected. For instance, the ability to provide accurate self-reports of thoughts and emotions relies on psychological processes that can differ among subjects such as memory, attention, and introspective ability.
Recently, the use of game logs, has started to gain popularity in the field of media research [4] . Objective indexes of game performance, or in-game behavior, combined with selfreport are also thought to carry the potential of providing a more accurate measure of gaming QoE. Its ability to c o m p l e m e n t a n d s u p p o r t t h e i n t e r p r e t a t i o n o f psychophysiological data is something that has hitherto been largely overlooked in digital games research however [4] .
The present study looks into the ways in which different types of QoE measurement in games research can reinforce and cross-validate one another. Particularly we explored how log analysis can be used to support the interpretation of heart rate data. Thereby we first investigate whether selfreport scores of game experience and in-game behaviors obtained by means of automatic data logging, have a predictive value for heart rate variability (HRV) changes during game play. Second, since the game was played in groups, we also investigate whether group actions during the game modulates the averaged HRVs and the self-report game experience scores. To this end, participants played the multiplayer collaborative game Game Bridge while HRV and game logs were simultaneously recorded. 
Here we draw on data of 55 vocational students and 10 teachers (40 male and 15 female), which were assigned to 11 gaming groups with five participants. Due to missing data, one participant had to be excluded. The data reported here include 54 subjects (N=54). The results game experience questionnaire (GEQ) and HRV grand averages from this sample have already been reported elsewhere [13] . However, this report did not examine in-game behaviors based on the game logs and its relationship with HRVs. Also no statistical analyses were conducted for HRVs (only descriptive data was reported).
Collaborative game
!
Game Bridge is a multiplayer collaborative game, in which maximum 5 players are connected to each other via a game server that runs in a virtual world in which game actions take place (see Figure 1) . The goal of the game is to emphasize the importance of shared work between professionals of different areas and relevance in real life, to create productive collaborative knowledge construction among the players and to expand their awareness of human sustainability. 
The game's story is that players work as volunteers at a charity concert for human sustainability. Through three pedagogically scripted phases (or levels), they are supposed to make sure that customers are satisfied and that everything is ready for a band's gig. The first phase (Gate) demands accurate coordination between the players, the second (Restaurant) the accurate combination of players' expertise and the final phase (Stage) requires solving cognitive conflict. Since the game has been designed to promote collaborative activities, each phase requires players to complete a multiplayer puzzle that demands commitment for its successful completion (for a more detailed description see [5, 13] ).
Procedure and Measures
!
The study was conducted in a classroom setting. The three phases were completed in about two hours and a half while logs of in-game behavior and HRV (heart rate variability) were simultaneously recorded. HR data were recorded using Firstbeat Bodyguard (Firstbeat Technologies OyTM, Jyväskylä, Finland) equipment by attaching the device directly to the skin (two points) and with a sampling rate of 1000 Hz. Before starting, participants were requested to sit back and relax during eight minutes to record a baseline period for the heart rate measures. At the end of the experiment, each individual filled out the Game Experience Questionnaire (GEQ), which was developed, implemented and validated during the "Fun of Gaming" (FUGA) project. Complete information about the GEQ can be found in [6] , but relevant for the present study is the core module of the GEQ. 
As a parameter for the analyses of the heart rate data, the root mean square of successive differences in RR intervals was used (RMSSD, see [7] ). Briefly, RMSSD is timedomain tool used to assess heart rate variability that computes the successive differences being neighboring RR intervals. Specifically, it calculates the square root of the mean of the squared differences between successive RR intervals over time. The HRV data was processed with the software "Firstbeat HEALTH" (Firstbeat Technologies OyTM, Jyväskylä, Finland), artifacts were removed and the RMSSD was calculated with the software's formula for minute time spans. Afterwards, the baseline was calculated per participant using the last 4 minutes of the resting phase and this value was used to get baseline-corrected HRV signals. Finally, the signals were divided into three parts according to the three phases of the game. 
Logs: in-game data
!
The game is divided in three phases and accordingly different actions should be performed. In the first phase (Gate) players need to open a gate to the festival area by entering a password to the electronic lock. Every player has gotten their own part of the password. The fragments of the password must be entered in the correct order. During the second phase (Restaurant) the players are requested to keep customers and band members satisfied by serving them in the catering area. Players should integrate and synchronize their individual tasks in a timely manner (complementary actions) to keep the customers satisfied. Finally, during the third Phase (Stage) players are requested to share their individual information with each other in order to get a shared understanding of all the available information. Specifically they should identify each band member and organize the band's equipment in the right place on the stage. Identification was based on the tips provided by roadies and pictures on the boxes. Overall we identified four types of actions in the log data for the three phases:
-Actions performed: tasks performed without or with a specific task given. For example having a forced break, picking up a piece of garbage or taking the order from the customer.
-Failed: given task failed, for example because missing the time limit.
-Succeed: given task succeeded for the player, for example taking an order from the customer.
-Task given: tasks performed with a specific task given Total counts for each of these types of actions were used to conduct the statistical analyses.
GEQ scores
! GEQ core module scores were computed for each of the 7 different dimensions of game experience: flow, sensory and imaginative immersion, competence, challenge, positive and negative affect, and tension. Example statements of the dimensions are as follows, "I felt completely a b s o r b e d " ( f l o w ) , " I t w a s a e s t h e t i c a l l y pleasing" (immersion), "I felt skillful" (competence), "I had to put a lot of effort into it" (challenge), "I enjoyed it" (positive affect), " I felt bored" (negative affect), "I felt pressured" (tension). GEQ was collected at the end of the experiment, and not after each of the different stages, in order to prevent that the game flow breaks. Dimension scores were computed as the average value of its likert-type items, which are scored in a range from 1 (not at all) to 5 (extremely). The other modules have not been analyzed in the present study given that previous research has shown that in general they are highly interrelated with the core module [8] . 
Individual vs. Group analysis
!
We first conducted correlation analyses between heart rate variability, in-game behaviors and self-report measures of game experience for each of the three phases of the game. For this purpose, the individual scores (each participant was considered a data point) were included in the analyses.
Afterwards we explored group differences. We conducted a one-way analysis of variance (ANOVA) to explore differences between groups. Next we conducted correlation analyses but on the group scores (each group was considered as a data point) for the three indexes of interest. For all the tests, a significance level of 0.05 was used. 
Afterwards correlation analyses were conducted. The results of correlation analyses between HRV and in-game logs indicate a statistically significant association between the number of actions performed during the game and HRVs during the third phase (r(54) = -.32, p < .05). Also a close to significant association during the second phase of the game (r(54) = -.26, p = .05) was revealed. The negative correlation indicates HRVs decreases when more actions are performed in the game. Importantly only the number of actions, and not the sort of outcomes (such as successfully performed actions and failures), were associated with changes in HRVs.
Besides the relationship with in-game logs, we also explored whether HRV changes were associated with scores of the game experience dimensions included in the GEQ. The results showed that only the self-report scores for the variable "tension" were significantly associated with the HRV changes during the second phase of the game (r(54) = -.27, p < .05) and marginally significantly associated during the first and third phase (r(54) = -.23, p < .10 & r(54) = -.25, p < .10). The negative correlation indicates that a larger decrease in HRVs was associated with higher self-report scores of feeling "tension" during the game (see 
HRVs were subjected to a one-way ANOVA. The main effect of Group was significant (F(10,54) = 101,43, p < . 001), suggesting that HRV averages, significantly differed between groups ( blue line Figure 3 ).
To assess whether HRV changes per group were associated with the type and number of behaviors executed during the game, we conducted regression analyses. The results can be observed in Figure 2 . Our results revealed that the unique in-game behavior that shows a significant correlation with HRV changes is the number of actions performed by the group (r(54) = .59, p < .10). This indicates that the larger the number of actions performed by the group, the larger the HRV deceleration (see Figure 3 , negative is plotted upwards for HRVs). ! First, the correlation analyses between HRVs and in-game behavior revealed that, when considering individual data, a significant association can be found between the number of actions performed in the game and HRV changes. Importantly, the outcome of these actions (failures vs. successful actions) did not yield significant results. This result might indicate that HRVs deceleration was driven by general game demands rather than by emotional arousal (emotions elicited by positive vs. negative game outcomes). This finding is inconsistent with previous research suggesting that HR covaries primarily with emotional arousal [9] but is in line with the hypothesis that HRVs are associated with mental workload during game play [10] , and findings showing that HRV decreases with high mental effort [11] . ! Secondly, in line with the observation that HRVs seem to be a general index of game demands, our results revealed that out of the seven investigated dimensions of game experience, the self-report scores for the dimension Tension were the only score significantly associated with HR deceleration. As this dimension included items about how tense, how frustrated or pressured the participants felt during the game, further studies could investigate whether this dimension maps for negative affect [12] or for general demands. Given that we found HRVs were not associated with objective measures of negative outcomes (failures), we believe that the correlation with the items of the "Tension" dimension of the GEQ is primarily driven by the mental workload.
A third relevant finding of the present study is that, when analyzing averages by groups of the three indexes, there was no association between the HRVs and the averaged selfreport scores of game experience per group (see figure 1) ; yet there was a significant correlation between the HRVs and the number of actions performed as registered in the game logs (see Figure 1b) . These results show that game logs can be of great importance as side data to interpret HRVs changes. Taken together, our results show that game logs are complementary and have the potential to provide rich information for the interpretation of physiological data. Since there is a lack of a commonly accepted theory on how digital game experience arises [1], researchers are advised to consider not only self-reported measures of game experience but also in-game behavior as an important source of information. Finally another important advantage of using game logs is that it is a non-intrusive measure that imposes no burden on the user, which can be an important aspect when assessing QoE.
